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Two-dimensional materials are emerging as a promising platform for ultrathin channels in field-
effect transistors. To this aim, novel high-mobility semiconductors need to be found or engineered.
While extrinsic mechanisms can in general be minimized by improving fabrication processes, the
suppression of intrinsic scattering (driven e.g. by electron-phonon interactions) requires to modify
the electronic or vibrational properties of the material. Since intervalley scattering critically affects
mobilities, a powerful approach to enhance transport performance relies on engineering the valley
structure. We show here the power of this strategy using uniaxial strain to lift degeneracies and
suppress scattering into entire valleys, dramatically improving performance. This is shown in detail
for arsenene, where a 2% strain stops scattering into 4 of the 6 valleys, and leads to a 600% increase
in mobility. The mechanism is general and can be applied to many other materials, including in
particular the isostructural antimonene and blue phosphorene.
FIG. 1. Graphical Abstract
In the last decade, two-dimensional (2D) materials
have shown a wealth of novel physical phenomena, and
manifold possible technological applications. Their ulti-
mate thinness is particularly suitable for applications in
conventional and flexible electronics1–6, where 2D semi-
conductors could be exploited as channels in field-effect
transistors. An essential ingredient to boost perfor-
mance of both logical and radio-frequency devices is a
large carrier mobility. Up to now, the largest room-
temperature mobility in 2D materials has been reported
in graphene7–11, with optimal results in finite-frequency
applications12–14. Nonetheless, the absence of an energy
gap prevents its use in logical devices. Other well-known
2D materials, such as transition metal dichalcogenides
(TMD), show large on-off ratios15,16 but display rela-
tively poor carrier mobilities16–18.
There is thus a pressing need to find 2D semicon-
ductors with a finite band gap and, at the same time,
high conductivity. To design or discover such materi-
als one must minimize the scattering processes degrad-
ing electrical transport. Considering that the quality
of samples can typically be improved systematically to
suppress external scattering sources, such as impurities,
design strategies should focus on maximizing intrinsic
performance. In this respect, particular attention can
be devoted to electron-phonon interactions, as phonons
play a dominant role in limiting the intrinsic mobility
of a material, especially at room temperature. In par-
ticular, the presence of multiple valleys within an en-
ergy range compatible with phonon frequencies leads to
plentiful phonon-assisted intervalley scattering, that has
detrimental effects on mobility. Indeed, even if this is
not the only scattering mechanism present, we have re-
cently shown19 that intervalley electron-phonon coupling
is large in well-known 2D semiconductors, to the point
that there is a strong correlation between the number
of valleys and the intrinsic mobility. This suggests a
potential strategy to enhance electronic performance by
engineering the valley structure to suppress intervalley
electron-phonon scattering.
To achieve this goal, the extreme sensitivity of 2D
materials to external manipulations can be beneficial,
as it allows to easily tune electronic properties. As an
example, 2D materials can be easily stretched, and it
has been shown that strain plays an important role in
determining the electronic and optical properties of 2D
materials20,21. For instance, strain fields open a gap in
graphene on BN22,23, change the gap from direct to indi-
rect in antimonene24 or TMDs25, allow the manipulation
of spin and valley transport26,27, and reduce the band
gap of TMDs28.
Here we explore the strong dependence of mobility on
valley structure, and showcase that using strain is a very
viable way to engineer the valley structure of 2D materi-
als, leading to remarkable improvements in conductivity.
We examine first arsenene29–31 as a prototypical exam-
ple, owing to its six-fold multivalley conduction bands,
and show that a relatively small uniaxial strain is suf-
ficient to break the six-fold symmetry and push four of
these arsenene valleys high enough in energy to effectively
suppress all the corresponding intervalley scattering pro-
cesses, in turn greatly enhancing electron mobility. This
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2effect is more general than in MoS2
32 (where it is very
specific to the different character of inequivalent valleys
and their behaviour under biaxial strain) and much larger
than in conventional 3D multivalley semiconductors33–42,
such as silicon and germanium, with an enhancement fac-
tor that will be shown to be, for arsenene, of the order
of 600%.
We stress that what is suggested here is at vari-
ance with recent theoretical studies that have proposed
strain as a way to enhance mobility in various 2D
materials43–51. These studies neglect intervalley scatter-
ing and consider the effect of strain on effective masses
and, partially, on the intravalley scattering. More-
over, most rely on an acoustic-deformation-potential
approximation52 to compute mobilities, which seldom
provides quantitative realistic predictions. Here, in-
stead, we adopt an accurate and systematic approach
to compute phonon-limited mobilities53 that combines
Boltzmann transport54,55 with band and momentum-
resolved scattering amplitudes obtained within density-
functional perturbation theory56 (DFPT) in a framework
that accounts for reduced dimensionality and field-effect
doping19,57. The strength of the approach is to provide a
full and detailed picture of electron-phonon scattering by
explicitly computing all possible phonon-mediated tran-
sitions, with a predictive power that can provide quanti-
tative agreement with experiments58,59.
While we perform here an in depth study of arsenene
(a monolayer of arsenic atoms forming a buckled hexag-
onal honeycomb structure) as a reference system, sim-
ilar results can be expected for other group-V buckled
monolayers, or other multivalley 2D materials. In the
Supporting Information it is shown that the same fea-
tures are also present in antimonene60 and blue phos-
phorene61. In addition, a search on our database of 2D
materials 62 revealed that up to one third of semicon-
ductors have degenerate multivalley electronic structures
at the conduction or valence band edges, and could thus
be valley-engineered. Also, although strain is very effec-
tive in modifying the valley structure of 2D materials,
other mechanisms could be put forward to achieve the
same scope (e.g. via stacking, substrate choice, function-
alization). We thus stress that what we propose is more
general than the specific compound (arsenene) and mech-
anism (strain) that we consider to exemplify the strategy
of valley-engineering the mobility of 2D materials.
In the following, the zig-zag (armchair) direction is
aligned with the xˆ (yˆ) axis. For transport purposes, the
conduction band of arsenene can be considered as consist-
ing of six equivalent anisotropic valleys along the Γ−M
lines, as shown in Fig. 2. Indeed, the next low-energy
conduction band minima occur at least 0.27 eV above
the bottom of those valleys. We consider all electronic
states up to 0.27 eV above the bottom of the conduction
band, and we have verified that this is enough to include
all relevant states for transport for the doping levels and
temperatures (up to 350 K) considered in this work.
Despite the anisotropy of each individual valley mani-
fest in Fig. 2, the total mobility of arsenene is isotropic
because of the hexagonal symmetry of the system. This
has been shown both analytically63 and numerically19,
and is expected from general symmetry considerations64.
For completeness and clarity, we summarize here a gen-
eral derivation that will be useful to elucidate transport
properties under the application of strain. The total con-
ductivity is a sum of contributions from each valley:
σ = 2e2
∑
p
∫
Ωp
dk
(2pi)2
(vp(k) · uE)2τp(k)∂f
0
∂εk
, (1)
where p = 1, . . . , 6 is the index running over the six val-
leys (we choose the reference valley p = 1 as the one in the
+yˆ direction, so that its principal directions simply co-
incide with the Cartesian axes), e is the electron charge,
vp(k) are the band velocities, τp(k) are the k−dependent
scattering times, f0 is the equilibrium Fermi–Dirac dis-
tribution, uE is a unit vector in the direction of the ap-
plied electric field, and the integral is over the area Ωp
around each valley p where ∂f
0
∂εk
is significantly different
from zero. The contributions from each valley are re-
lated to each other by symmetry. Indeed, all valleys can
be obtained by rotating the reference valley by angles
θp ∈ [pi/3, 2pi/3, pi, 4pi/3, 5pi/3]. Eigenenergies and scat-
tering times are invariant under these operations, and
only the projection of the velocity on the electric field
direction v(k) ·uE changes. We can thus obtain the con-
ductivity equivalently by carrying out the integral in the
reference valley (p = 1) and rotating the electric field to
add up the contribution of all valleys:
σ = 2e2
∫
Ω1
dk
(2pi)2
[∑
p
(vp(k) · up)2
]
τ1(k)
∂f0
∂εk
, (2)
where up = cos(θE−θp)xˆ+sin(θE−θp)yˆ, with θE giving
the direction of the applied electric field.
By expanding the squared scalar product and noting
that the corresponding cross product vanishes because of
the mirror symmetry with respect to the Γ−M lines, we
get:
σ = σh
∑
p
cos2(θE − θp) + σl
∑
p
sin2(θE − θp), with
(3)
σh,l ≡ σx,y = 2e2
∫
Ω1
dk
(2pi)2
v21x,y(k)τ1(k)
∂f0
∂εk
, (4)
where the conductivity in the xˆ (yˆ) direction for
the reference valley will be denoted with the h (or
l) subscript because it corresponds to the high (or
low) velocity and thus indicates the direction with the
high (or low) conductivity. Summing up for θp ∈
[0, pi/3, 2pi/3, pi, 4pi/3, 5pi/3] yields:
σ = 3(σh + σl) (5)
independently of the direction θE of the field, proving
that, even though the conductivity of a single valley is
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FIG. 2. Left: Interpolated electron-phonon couplings for n−doped arsenene. The initial state k considered here is indicated
by a white star; the other points are the possible final states, where the color of the point indicates the strength of the electron-
phonon coupling matrix element (note the different color scales in each panel). The index of the phonon mode indicated at
the top of each panel refers to a purely energetic ordering of the phonon modes associated with each transition. Below that we
indicate the contribution of each mode to the resistivity, evaluated by solving the Boltzmann transport equation at 300 K for
each mode independently. While not strictly valid, as the contributions are not additive, this decomposition gives a reasonable
estimate of the relative importance of each mode, highlighting that most of the resistivity is due to intervalley scattering from
modes 1, 4 and 5. Right: Plot of the resistivity as a function of temperature, as well as the contribution from the three
intervalley modes (1, 4, 5) and the other modes (2, 3, 6). The room-temperature mobility that we compute is 60 cm2V−1s−1.
anisotropic (σh 6= σl), the overall conductivity of the
material is indeed isotropic64.
A detailed analysis of electron-phonon scattering in ar-
senene can help us reveal the strength of intervalley scat-
tering and which intra- and intervalley couplings play the
largest role in inhibiting transport performance. In par-
ticular, we show in Fig. 2 the electron-phonon couplings
(EPCs) for each phonon mode and their contribution to
transport. We can see that ≈80% of the resistivity comes
from scattering with modes associated with strong inter-
valley EPCs, corresponding to phonon momenta q ≈ K
and q ≈ Γ−M2 . Considering an initial state in the ref-
erence valley, these modes correspond to transitions to
valleys rotated by θ = ±pi/3,±2pi/3.
It would thus be beneficial to suppress scattering to
these valleys to enhance the electronic transport perfor-
mance. Valleys in different directions have the same en-
ergy because of the 3-fold and inversion symmetries of
the crystal. Breaking these symmetries removes the de-
generacy and allows for the emergence of an energy dif-
ference between valleys. If this energy difference is large
enough, valleys that are shifted up in energy become out
of reach, i.e., electrons cannot be scattered into them via
a phonon-mediated event. In this respect, it is impor-
tant to keep in mind that, under the assumption of con-
stant charge (see below), the remaining valleys contain
more carriers, so that the Fermi energy is also shifted up
in energy with respect to the bottom of the conduction
band, which is fully accounted for in our calculations and
discussed in details later. As a consequence, in order to
fully suppress intervalley scattering, the shift in energy
of the valleys should be large enough so that the bot-
tom of the valleys is higher than the (new) Fermi level
by at least the largest phonon energy (relatively low in
arsenene, < 0.03 eV for the relevant phonons involved
in intervalley scattering events) plus the thermal energy
(also < 0.03 eV at 300 K).
We consider a strain along the xˆ (zig-zag) direction
that pushes all the valleys that are not on the yˆ axis (4
out of 6, see also Fig. 4) high in energy with respect to
the band edge, as opposed to a strain along the yˆ (arm-
chair) direction that would instead shift only two valleys
to higher energy65. In particular, we find that a 2% uni-
axial strain66 induces a largely sufficient energy shift of
≈ 0.16 eV. Such a strain is readily within the possibili-
ties of experimental realization21,67 and can be indirectly
monitored through its effects on arsenene’s Raman spec-
trum, in particular through the splitting of the Eg mode
(see predicted Raman spectra under strain and their po-
larisation dependence in Supporting Information F). In
antimonene and blue phosphorene, the same strain shifts
the same valleys by ≈ 0.10 and 0.22 eV, respectively (also
see Supporting Information D and E). Note that accord-
ing to Ref. 63 (supplementary figure 5), one can roughly
assume a linear variation of the shifts with strain.
We simulate equilibrium and strained arsenene in the
appropriate two-dimensional framework57 by truncating
the long-range Coulomb potential in the non-periodic di-
rection. This ensures that no spurious interactions ex-
ist between the periodic images, yielding in particular
the correct 2D screening of the electron-phonon coupling.
We also use a symmetric double-gate geometry57 to in-
duce a charge density of n = 5/3 × 1013 cm−2. The
Brillouin zone is sampled with a 32× 32× 1 Monkhorst-
4Pack grid and we use the SSSP Accuracy (version 0.7)
pseudopotential library68 with the associated cutoffs. We
note that the density of states (DOS) at the bottom of
the conduction band is approximately three times smaller
for strained arsenene, since two thirds of the valleys have
been shifted up. Thus, the two remaining low-lying val-
leys fill up three times faster as a function of the dop-
ing charge. The same density of free carriers is consid-
ered in both the strained and unstrained cases, under
the assumption that the gate capacitance is mainly con-
trolled by geometric effects and that the reference po-
tential of the material is almost unaffected, so that the
density is completely controlled by the gate potential and
thus stays constant under strain. The reference value of
density (n = 5/3 × 1013 cm−2) is then chosen so that
the shifted valleys in the strained case are not occupied,
while the valleys in the pristine case are still significantly
filled.
Mobilities are computed with the method described in
Ref. 19, which is based on direct calculation of phonons
and EPCs within DFPT in the aforementioned frame-
work including the proper boundary conditions and ex-
plicit gate-induced doping. The Boltzmann transport
equation is solved numerically with an exact integration
method and different levels of momentum sampling, from
a relatively coarse 32×32×1 k-point grid used for DFPT
calculations to a much finer 177 × 177 × 1 k-point grid
for eigenenergies and velocities. The transport properties
that we computed for equilibrium and strained arsenene
are compared in Fig. 3. For a 2% strain, we observe a
significant improvement of the transport properties for
an in-plane electric field (source-drain bias) in the xˆ di-
rection, i.e., the high-velocity direction of the two low-
energy conduction valleys. Namely, the conductivity and
the mobility increase by a factor αh ≈ 6.4. This fac-
tor is the same for both quantities as we are working at
constant density. However, the factor depends on the di-
rection of the electric field as the valleys are anisotropic
and the strained system does not have hexagonal sym-
metry. Nevertheless, even in the orthogonal low-velocity
direction yˆ, along which the mobility of strained arsenene
reaches its minimum, we observe an increase of the mo-
bility with respect to the unstrained case by a factor
αl ≈ 1.3.
To investigate and explain the origin of this enhance-
ment factor, we first observe that the EPCs are essen-
tially the same for the strained and equilibrium case, as
it can be observed by comparing Fig. 2 with an equivalent
plot for the strained case (Fig. S1 of the Supporting In-
formation). Therefore, strain does not change the nature
or strength of the EPCs, but it affects the relative energy
of the states in the valleys, effectively turning off some
intervalley scattering channels by moving the correspond-
ing final states out of reach. From our computed scat-
tering times taken at the Fermi level, we determine that
scattering decreases by a factor 5.4, as shown in Fig. 4,
which is consistent with the approximate mode-by-mode
contributions indicated in Fig. 2. The suppression of in-
tervalley scattering is thus the major contribution to the
improvement of the conductivity.
There are other contributions originating from the
change of symmetry and electronic structure that must
be taken into account. First, strain can affect the effec-
tive masses, although we find this effect to be negligible
here (see Supporting Information C). Two other effects,
however, do play a significant role, even if they happen to
nearly compensate each other here. The first of those ef-
fects is the following: the conductivity becomes a sum of
contributions from only two valleys instead of six, corre-
sponding to a loss in density of states, and it is direction-
dependent. In fact, performing the sum of Eq. (3) over
the two remaining valleys at θp ∈ [0, pi] we get for the
conductivity σ¯ in the strained case:
σ¯ = 2σ¯h cos
2(θE) + 2σ¯l sin
2(θE), (6)
The conductivity for an electric field in the high-velocity
direction now is only twice the conductivity of the refer-
ence valley (σ¯ = 2σ¯h), in contrast to σ = 3(σh + σl) of
Eq. (5) for the equilibrium case. Therefore, if we were to
ignore the six-fold enhancement of mobility from the sup-
pression of the intervalley scattering discussed above and
assume that the contributions from a single valley did not
change (i.e., σh = σ¯h, σl = σ¯l), we would actually obtain
that the removal of four valleys would degrade conductiv-
ity significantly. Single-valley conductivities in high- and
low-velocity directions are numerically σl ≈ σh/4; so, the
conductivity in the strained case would become a factor
2σh
3(σh+σh/4)
≈ 0.5 smaller in the high-velocity direction,
down to a factor ≈ 0.1 along the low-velocity direction.
However, this loss happens to be compensated by a
second effect: an increase of the Fermi level within the
two remaining valleys. Assuming as mentioned above
that the charge density does not change under strain,
the fact that only two valleys are now occupied instead
of six implies that those valleys must contain three times
as many carriers, which corresponds to an increase of the
Fermi level with respect to the band edge. As the overall
implications on the conductivity Eq. (4) are not straight-
forward, we study the effect of a rigid Fermi level shift on
conductivity in the equilibrium and strained case. The
results are reported as a function of carrier density in
Fig. 5. Carrier density is the appropriate variable when
comparing strained and equilibrium arsenene. Indeed, in
an experimental measurement of transport properties as
a function of strain, the carrier density would stay mostly
constant, fixed by the gate. Note that even at the maxi-
mum doping of 5×1013 cm−2, no additional conduction-
band minima need to be taken into account (band min-
ima appear around K and Γ for eigenenergies beyond the
range considered in this work). We highlight some points
of interest. The square and circle indicate conductivi-
ties for the systems at the carrier density studied in this
work. To compare the conductivities at similar Fermi
energy relative to the band edge, the density of equi-
librium arsenene should be three times that of strained
arsenene, corresponding to the triangle. The resulting
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FIG. 3. Left: Conductivity and mobility along the xˆ direction as a function of temperature for equilibrium and strained (2%
in the xˆ direction) arsenene. Right: Dependency of the room-temperature mobility on the direction of transport. θE = 0
indicates a field aligned along the xˆ direction.
conductivity is roughly twice larger. This also holds for
strained arsenene at small enough densities, with a con-
ductivity twice larger at n ≈ 5/3 × 1013 cm−2 than at
n ≈ 5/9×1013 cm−2, although at densities above 2×1013
cm−2 the Fermi level would reach the four shifted valleys
and the conductivity decreases. Nevertheless, staying in
the doping regime of interest, the increase in Fermi level
occurring in the strained case with respect to equilibrium
due to the need to fill fewer valleys with the same charge
can be associated with an improvement in conductivity
by a factor approximately equal to two. Therefore, we
conclude that the increase in Fermi level and associated
doubling in conductivity compensates the loss of a fac-
tor ≈ 0.5 associated to the reduced number of valleys
(at fixed scattering), leaving the major role in the six-
fold improvement of the conductivity to the suppression
of intervalley scattering. Interestingly, we can also in-
fer from Fig. 5 that there is an optimal density, around
3 × 1013 cm−2, that maximizes the enhancement of the
transport properties for a 2% strain. Finally, we also pro-
vide an estimation of the dependency of the conductivity
enhancement as a function of strain in the Supporting
Information B, assuming a linear relationship between
the strain and the shift of the valleys. As can be ex-
pected, the strain-dependent enhancement is not mono-
tonic: it increases slowly at small strain and saturates at
high strain. Based on the shifts induced by strain and the
computation of electron-phonon couplings in the equilib-
rium case, similar results are expected in antimonene and
blue phosphorene (see Supporting Information).
In conclusion, we have put forward a general approach
to enhance the mobility of 2D materials by engineering
their valley structure. We have illustrated this approach
in detail in the case of electron-doped arsenene, using a
uniaxial strain field to modify the valley configuration
and intervalley scattering. Indeed, a moderate and phys-
ically attainable strain induces a relative change in the
energy of the six equivalent conduction valleys, shifting
four of them out of reach for phonon-mediated scatter-
ing. The overall effect on the transport properties of ar-
senene results from a complex interplay of different mech-
anisms. Using accurate first-principles simulations of the
electron-phonon interactions that take into account the
reduced dimensionality and the field-effect doping of the
system, we show that the main effect arises from the
suppression of intervalley scattering, with a substantial
six-fold enhancement of the electron mobility. Similar re-
sults can be expected also for other isoelectronic group-V
buckled monolayers, such as antimonene and blue phos-
phorene, as well as for other multivalley 2D materials,
suggesting valley-engineering as a general and viable way
to design the mobility of 2D materials, with potential ap-
plications in next-generation electronics.
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I. SUPPORTING INFORMATION
A. Electron-phonon scattering in strained arsenene
Fig. S1 shows that the electron-phonon couplings for
strained arsenene are very similar to the ones of equilib-
rium arsenene reported in the main text.
We also provide the phonon dispersion in equilibrium
and strained arsenene in Fig S2.
B. Strain-dependent conductivity enhancement
In Fig. S3, we show an estimation of the conductiv-
ity enhancement as a function of strain. We assume a
linear relationship between strain and the energy shift of
the valleys. We use the electron-phonon coupling ma-
trix elements of arsenene strained by 2%. This implies
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FIG. 5. Conductivity of strained and equilibrium arsenene
as a function of carrier density. Each density corresponds
to a different Fermi level (with respect to the band edge)
in strained or equilibrium arsenene. Calculations are per-
formed in the approximation of a rigid Fermi level shift, ig-
noring any change in the EPC. To check that this approxima-
tion is reasonable for this material in this range, we replaced
the electron-phonon coupling matrix elements in the equilib-
rium case with those obtained at three times higher doping
(from Ref. 19) and obtained conductivity variations below
5%. The square and circle correspond to the carrier density
of n = 5/3 × 1013 cm−2 studied in this work. The triangle
corresponds to the carrier density needed in the equilibirum
case for the Fermi level to reach the value of the strained case
at n = 5/3 × 1013 cm−2 (circle), with respect to the band
edge.
that we neglect the changes of electron-phonon due to
strain. This approximation has marginal effects, as the
conductivity at zero strain is well reproduced. We keep
the doping carrier density constant and the Fermi level is
recomputed for each strain. We see that the conductiv-
ity enhancement is not linear. It increases slowly at small
strain, while the valleys are still below the Fermi level.
Then we observe a steady increase of the enhancement
as the valleys become less and less accessible for scatter-
ing. Finally, above 2%, the enhancement saturates, as
the shifted valleys are already out of reach.
C. Variation with strain of the effective masses
Fig. S4 shows the modification of the effective masses
induced by strain. The curvature decreases by ∼ 2%
in the high velocity direction and by ∼ 15% in the low
velocity direction. The effect would be squared in the
conductivity, and thus induce a slight degradation of the
transport properties. We are mainly interested in trans-
port along the high velocity direction, for which we esti-
mate a ∼ 5% decrease of conductivity due to the change
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star; the other points are the possible final states, where the color of the point indicates the strength of the electron-phonon
coupling matrix element (note the different color scales in each panel). The index of the phonon mode indicated at the top of
each panel refers to a purely energetic ordering of the phonon modes associated with each transition.
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FIG. S2. Phonon dispersion of the equilibrium and strained case. The finite frequency of the flexural mode at Γ is due to the
presence of barriers in our simulations19. The phonon softening appears in the presence of both Fermi nesting and strong EPC.
of effective masses. The decrease would be larger in the
low velocity direction, but still negligible with respect to
the other contributions discussed in the main text, which
induce variations of 200% or more.
D. Antimonene
Fig. S5 shows the effect of strain on the bands of an-
timonene. The shift in energy due to strain is smaller
but still significant and enough to make the shifted val-
leys out of reach for phonon-mediated processes. Fig.
S6 shows the electron-phonon couplings in antimonene
at equilibrium. The transport properties computed from
these results are very similar to those of arsenene, with
a room-temperature mobility of 62 cm2V−1s−1 for the
same doping of n = 5/3 × 1013 cm−2. Thus, we can
expect a slightly smaller but similar enhancement of mo-
bility in strained antimonene.
E. Blue Phosphorene
Fig. S7 shows the effect of strain on the bands of blue
phosphorene. The shift in energy due to strain is sig-
nificant (+0.22 eV). Fig. S8 shows the electron-phonon
couplings in blue phosphorene at equilibrium. We ob-
serve a large intravalley coupling for the first mode, which
would decrease the relative importance of the intervalley
modes and thus the enhancement. The transport prop-
erties computed from those results are better than those
of arsenene, with a room-temperature mobility of 150
cm2V−1s−1 for the same doping of n = 5/3× 1013 cm−2.
This is probably due to the more elongated nature of
the valley mentioned in Fig. S7. Overall, with less en-
hancement but better performance at equilibrium, one
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FIG. S3. Enhancement of the conductivity as a function of strain. For each strain, we compute the corresponding shift of the
valleys assuming a linear relationship between the shift and the strain. Then, we artificially shift the valleys, and recompute
the Fermi level and the conductivity using the electron-phonon coupling matrix elements of arsenene strained by 2%.
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FIG. S4. Energy bands at equilibrium and with strain (uniaxial 2%) for the reference valley, situated in the +y direction, both
in the high and low velocity directions (x and y, respectively).
can expect similar performances for strained blue phos-
phorene.
F. Raman spectrum of Arsenene
In Table SI and Fig. S9, we give the frequencies of the
Raman active modes and the Raman spectra for arsenene
at equilibrium and strained in both x and y directions.
The calculations are based on ab-initio, finite differences
evaluations of the dielectric tensor derivatives. To com-
pute the spectrum, we considered a back-scattering ge-
ometry in non-resonant conditions69,70, for which the dif-
ferential cross section can be expressed as:
δ2σ
δΩδω
=
∑
i
ω4S
c4
| eS ·Ri · eI |2 [nB(~ω/kbT ) + 1]δ(ω − ωi)
(S1)
where ωS and ωi are the frequencies of the scattered pho-
tons and of the i-th phonon respectively, eS and eI the
polarization vectors of the scattered and incident light,
and Ri the Raman tensor. In the case of unpolarized
light averaged over the in-plane directions the Raman
cross section can be obtained from the equivalence:
| eS ·Ri · eI |2 =
(
R2xx +R
2
yy + 2R
2
xy
)
/2. (S2)
The spectra obtained under these conditions for the
strained and unstrained cases are reported in Fig. S9.
The magnitude of the shifts in frequency of the peaks
should allow to follow the strain in the material. The or-
der of the Ag and Bg modes in the strained case could be
used to determine whether arsenene is strained in the x
(zig-zag) or y (armchair) direction21,67. Ag and Bg modes
can be distinguished using polarized incident light along
the strain direction and measuring the scattered light po-
larized in the parallel or perpendicular (cross) direction.
9FIG. S5. Bands of strained (purple) and equilibrium (grey) antimonene. The strain is 2% in the x direction, as for arsenene.
The shift in energy is more moderate ≈ 0.1 eV. In antimonene at equilibrium, one can see that the valley at the K point is
relatively low (compared to arsenene). However, this valley also shifts with strain. Here, the zero of the energy scale refers to
the bottom of the lowest valley in each case.
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The Raman cross section in the two cases is given by:
| eS ·Ri · eI |2 =
(
Rxx cos
2(θ) +Ryy sin
2(θ) + 2Rxy sin(2θ)
)2
(S3)
and
| eS ·Ri · eI |2 =
(
Rxy cos(2θ)− Rxx −Ryy
2
sin(2θ)
)2
(S4)
where θ = 0, pi/2 indicates the strain direction. The spec-
tra for the two strain directions and polarization combi-
nations are reported in Fig. S10.
TABLE SI. Raman active modes of strained and unstrained
arsenene.
Material Frequency (cm−1) Character
As equilibirum 236.4 Eg
As equilibrium 304.9 A1g
As 2% strain x 230.6 Bg
As 2% strain x 234.8 Ag
As 2% strain x 301.2 Ag
As 2% strain y 230.5 Ag
As 2% strain y 234.9 Bg
As 2% strain y 301.2 Ag
10
FIG. S7. Bands of strained (blue) and equilibrium (grey) blue phosphorene. The strain is 2% in the x direction. The shift
in energy is ≈ 0.22 eV. Here, the zero of the energy scale refers to the bottom of the lowest valley in each case. Like for
antimonene, the valley at the K point is relatively low but shifts with strain. At equilibrium, another difference with arsenene
is the shape of the six degenerate valleys, more elongated towards the M point.
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FIG. S9. Raman spectra for uniaxially strained (2%) and equilibrium (unstrained) arsenene in the case of unpolarized light
in back-scattering geometry. A Lorentzian function with a width of 2 cm−1 has been used to approximate the δ function in
Eq. (S1) and mimic the experimental linewidth.
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